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Abstract: Optical coherence tomography (OCT) has a tremendous global
impact upon the ability to diagnose, treat, and monitor eye diseases. A
miniature 25-gauge forward-imaging OCT probe with a disposable tip was
developed for real-time intraoperative ocular imaging of posterior pole and
peripheral structures to improve vitreoretinal surgery. The scanning range
was 2 mm when the probe tip was held 3-4 mm from the tissue surface. The
axial resolution was 4-6 um and the lateral resolution was 25-35 um. The
probe was used to image cellophane tape and multiple ocular structures.
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1. Introduction

Optical coherence tomography is used daily in ophthalmology clinics to evaluate the delicate
structures within the eye for evidence of macular edema, macular holes, subtle retinal lesions,
glaucomatous retinal nerve fiber thinning, etc. Optical coherence tomography has evolved
from time-domain to spectral-domain imaging with improved imaging speed and resolution
[1] of the retinal layers [2-4]. Multiple OCT systems in clinical use image structures,
including the macula, optic nerve, retinal nerve fiber, and choroid, confined to the posterior
pole, but lack the ability to image peripheral structures. Also, distortions or opacities in a
subject's ocular media, such as a dense cataract, will reduce the OCT signal delivered
externally and may prevent adequate images [5].
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Probes provide one mechanism to bypass opacities or to directly view structures that
otherwise cannot be imaged directly with an external OCT system. A forward-viewing
intraocular OCT probe with the capability for real-time cross-sectional retinal imaging would
be advantageous for intraoperative diagnosis and surgery. For example, it would permit cross-
sectional profiles of the extent of epiretinal membranes and enable surgeons to determine if
their membrane peeling was satisfactorily completed prior to removing the instruments. This
is a major concern of vitreoretinal surgeons and a deficiency of current techniques despite the
use of potentially toxic dyes to visualize the membranes [6,7]. A small B-scan probe with
high resolution would be required to fit through the 25-gauge vitrectomy ports currently
preferred by vitreoretinal surgeons.

Large [8-10] and small [11,12] OCT side-scanning probes have been developed to
examine tissues within tubular structures such as the esophagus and coronary arteries with
lateral resolution up to 10 um. Probes as small as 0.36 mm have been developed, but they
also acquire views from the side rather than directly in front of the catheter tip [13]. However,
a forward-imaging probe is optimal for viewing the inner layer of a hollow organ, such as
within the eye to evaluate the retina, through a standard surgical entry port. A forward-
imaging OCT device has been used to image bladders, but its diameter is relatively large,
measuring 5.8 mm X 3 mm [14]. The standard microelectromechanical system (MEMS)
scanning mirror component of an OCT forward-imaging probe has been reduced to a
diameter of 1 mm [15], but just the mirror alone is still larger than the currently used 23-
gauge (0.64 mm) or 25-gauge (0.51 mm) ophthalmic intraocular surgical instruments. Others
have used a piezoelectric cantilever system with a rod lens 2.7 mm in diameter [16], a lead
zirconate titanate actuator and cantilever within a 2.4 mm diameter probe [17], a fiber-bundle
system measuring 3.2 mm in diameter [18], paired rotating GRIN lenses in a probe measuring
1.65 mm in diameter [19], an electrostatic scanning probe measuring 2.2 mm in diameter
[20], and an electrostatic scanning probe measuring 2 mm in diameter [21]. A 21-gauge (0.82
mm diameter) forward-imaging probe was previously designed with two counter-rotating
angle polished GRIN lenses with scanning speed of 0.5 Hz, lateral resolution of 7.6 to 10.4
pm, and axial resolution of 7.8 to 10.5 um [22]. This probe’s speed is much slower than video
rate. Thus, it would be difficult to clearly image motion during surgical procedures in real-
time, and the probe is too large to fit through the sizes of the current vitrectomy ports. To
address the size challenge needed for the now standard vitrectomy ports accommodating 23-
gauge (0.64 mm) and 25-gauge (0.51 mm) instruments, using the individual OCT A-scan
components alone would permit miniaturization of the sensing probe. Iftimia, et al. developed
a 1310 nm center wavelength OCT A-scan imaging system to measure depth-resolved
information in solid tissues for fine needle biopsy guidance [23]. This 250 um diameter probe
has a simple and robust design to elegantly detect the presence of two tissue types and the
interface between them in a single A-scan. It is capable of being introduced into a
microsurgical biopsy needle to assist in obtaining optimal specimens. However, this design is
unable to provide 2-dimensional information unless the entire needle moves to produce a scan
[24,25]. A 25-gauge (0.51 mm) common-path OCT probe has been developed [24,25].
However, the probe tip must be positioned within 1.6 mm of a delicate tissue, such as retina,
with scanning of the entire probe without touching the easily damaged tissue to produce 33
pum lateral resolution images at a sampling rate of 460 A-scans per second [25].

Alternative designs for permitting scanning within miniature probes as described in this
paper are required to fit within the current standard vitrectomy and permit intraoperative OCT
imaging of small tissues and organs such as the eye at safe distances from the easily damaged
tissues. We report the smallest self-contained 25-gauge (0.51 mm) handheld forward-imaging
B-scan OCT probe and demonstrate its feasibility for ophthalmic examination. The described
miniature probe will easily pass through the now standard 23-gauge (0.64 mm) and 25-gauge
(0.51 mm) instrument ports to permit intraocular imaging during surgery. All previously
reported self-contained scanning forward-imaging probes are too large to pass through these
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ports. In addition, an intraocular OCT probe would permit evaluation of structures, such as
the peripheral retina and ciliary body, beyond the central 30 degree posterior pole of the
globe.

2. Probe design and technical performance
2.1 Design

A commercial high-resolution spectral-domain optical coherence tomography (SDOCT)
system (Bioptigen, Inc. Durham, NC) is used to provide the SLD source, interferometer,
spectrometer, and image processing (Fig. 1). The central wavelength is 870 nm, the SLD light
source spectral width is 90 nm, the scanning rate is 5 Hz with 2000 A-scans per B-scan, and
the maximum optical power is 700 uW from the spectral domain OCT (SDOCT). The
sampling arm fiber is placed within the miniature forward-imaging intraocular OCT probe.
The outer diameter of the hand piece is 12 mm, and the length of the hand piece is 10 cm. The
probe’s sampling arm fiber scanner is driven by an electronic circuit that is synchronized with
the Bioptigen engine. The detailed structure of the miniature intraocular OCT probe is shown
in Fig. 2(a) and its external appearance is shown in Fig. 2(b) and Fig. 2(c).

imaging
@ lens
— Control
[= circuit

Image processing

2 Commercial OCT engine unit 1 Single mode fiber, 25‘95‘”93
i 1 sampling arm probe tip
| Super luminous diode ! \
1
'| sLD 2x2 i / [ i
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|
1
1
1
1
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Fig. 1. Diagram of the OCT probe system.

The disposable 25-gauge extra-thin-wall probe tip (outer diameter = 0.51 mm, wall
thickness = 70 pm, and length = 30 mm beyond the end of the handpiece) has a sealed 0.35
mm diameter GRIN lens (Go!Foton, Somerset, NJ) attached in front which protects the fiber
scanner. The customized GRIN lens is 0.5 mm thick, which is less than ¥4 pitch, to enable a
chosen working distance of 3 to 4 mm from the outer surface of the GRIN lens to the target.
The cannula also protects the end of the sampling arm which is a 125 um single mode fiber.
The fiber tip scans behind the GRIN image lens. The distance between the fiber tip and the
inner surface of the GRIN lens is approximately 200 um.

The single-mode fiber is housed within a 34-gauge extra-thin-wall stainless steel tube.
The fiber tip protrudes from the tube between 2 to 3 mm. The front portion of the 34-gauge
tube is bent into a smoothed “S” shape. The mechanism to produce the scanning of the fiber
tip is formed by sliding a straight 28-gauge thin-wall stainless steel tube along the curved part
of the 34-gauge tube. The gap between the tubes is lubricated with silicone oil (Frankhillson
Co., Cupertino, CA). When the 28-gauge tube slides along the 34-gauge tube, it forces the tip
of the 34-gauge tube to scan laterally as shown in Fig. 2(a) within an air-filled space. The
specific dimensions of the tubing within the OCT probe are: 25-gauge outer diameter (O.D.)
= 0.51 mm, inner diameter (1.D.) = 0.38 mm; 28-gauge O.D. = 0.36 mm, I.D. =0.22 mm; and
34-gauge O.D. = 0.20 mm, I.D. = 0.14 mm. The entire tip easily passes through a standard
25-gauge vitrectomy port as shown in Fig. 2(c).
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The sliding 28 gauge SS tube will
be driven by electomagnetic force
to resonate along the inner tube

Image target
will be a line

34 gauge inner 25 gauge outer
SS tube SS tube

Fig. 2. (a) Configuration of the miniature forward-imaging OCT probe. (b) External
appearance of one 25-gauge OCT probe. (c) The probe easily passes through a 25-gauge
vitrectomy port.

2.2 Technical performance

The SDOCT fiber-scanning probe transmitted power of 700 uW from the SDOCT system.
Each B-scan consists of 2000 A-scans generated by the SDOCT system (Bioptigen, Inc.,
Durham, NC). When a £10 V triangle wave was applied to the probe, a 2 mm B-scan
scanning range of the target was achieved at a working distance of 3 to 4 mm from the probe
tip. The scanning frequency and the lateral resolution of the probe were determined.

2.2.1 Scanning frequency

The customized coil magnetic system was designed and fabricated. The driving force of the
28-gauge tube is a coil-magnetic oscillator built within the hand piece. The +10 V triangle
wave is synchronized to the Bioptigen engine to drive the electromagnetic coil. A magnet is
connected to the distal end of the 28-gauge tube which slides forward and back as current
alternates through the coil. When the 28-gauge stainless tube is driven to slide a distance of
approximately 3 mm, the fiber tip will scan about 0.2 mm laterally behind the GRIN lens. The
scanning frequency was measured to be 5 Hz. The 34-gauge tube was polished with 0.3 um
grit optical polishing film and lubricated with silicone oil (Frankhillson Co., Cupertino, CA)
to ensure smoothness in scanning. Smoothness of the linear scanning was visually judged by
lack of jittering of the screen image. Some distortion will occur at the edges of the images due
to non-linear scanning speed as the fiber changes direction within the probe. The beam scan
increases linearly from 1 mm to 2 mm as the voltage is increased from 8 V to 10 V, the beam
scan increases nonlinearly as the voltage is increased from 5 V to 8 V, and the beam does not
scan below 5 V. The probe can go up to 20 Hz by increasing the AC frequency. However,
image display was optimal when synchronized with the Bioptigen system at 5 Hz to match its
data acquisition speed.

2.2.2. Lateral resolution calculation

The full width at half maximum (FWHM) of an infrared beam can be measured by the knife-
edge method to calculate lateral resolution [26]. A blade is moved at known intervals across a
beam and the resulting power is measured at each step. The results of knife-edge
measurement of the focused IR beam at the central position of the scan are graphed in Fig. 3
below. This corresponds to the central lateral resolution of the OCT probe. The spot size
measurement at a distance of 3 mm (solid line) from the lens was 25 pm and the spot size
measurement at a distance of 4 mm (dashed line) from the lens was 30 um. The full width at
half maximum (FWHM) was also measured by the knife-edge technique at the lateral position
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of the scan. The lateral resolution at this position was calculated to change 17% to 35 um at a
working distance of 4 mm. The Gaussian beam waist size for the customized GRIN lens was
25 um at 3 mm distance from the lens. Currently, the maximum average irradiance of one
scan pass 2 mm long was 1.4 W/cm? over 0.1 s. The time duration at each spot was 1.25 ms.
The average irradiance extensively decreases as the probe is moved like the vitrectomy light
pipe or the intraocular endoscope over at least a 1 cm® area.

——3mm

Intensity (pw)

- & =4 mm

Position (um)

Fig. 3. The OCT beam spot-size from the forward-imaging probe was calculated by the knife-
edge method. The spot size measurements at a distance of 3 mm (solid line) and at a distance
of 4 mm (dashed line) are graphed.

3. Testing of the miniature probe for OCT imaging

To demonstrate the imaging capabilities of the miniature OCT probe, infrared paper, a roll of
cellophane tape and intact cadaver porcine ocular tissues were imaged.

3.1 OCT imaging of infrared paper

An image of an infrared viewing card (VRC5, Thorlabs, NJ) taken by the probe at 5 Hz is
shown in Fig. 4. The top layer is a plastic film overlaying the infrared photosensitive layer of
the card.

Fig. 4. OCT probe image of an IR card taken at 5 Hz.
3.2 OCT imaging of cellophane tape phantom

A single real-time image of a roll of cellophane tape is shown in Fig. 5(a) to demonstrate the
ability of the miniature forward-imaging OCT probe. Each tape layer including the glue space
is 50 um. The axial resolution of the probe appears similar to the axial resolution of the
commercial tissue-imaging probe shown in Fig. 5(b), which is reported to be 4 to 6 um near
the spectral limit of the Bioptigen, Inc. very-high resolution SLD source.
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Fig. 5. (a) Multiple layers within a roll of cellophane tape are clearly delineated by the
miniature OCT probe. (b) Similarly, multiple layers are visible when imaged with a
commercial 18 mm diameter probe.

3.3 OCT imaging of porcine ocular tissue

To test the performance of the probe for real-time non-averaged imaging of ocular structures,
fresh porcine eyes were used. The B-scan probe was aimed externally at the eyelid skin,
cornea, and conjunctiva as shown in Fig. 6. It was possible to identify the underlying layers of
Tenons and sclera beneath the underling superficial conjunctiva as shown in Fig. 6(c).

Conjunctiva

Eyelid skin Cornea

200;12] ¢ 200pm|

Fig.6. Real-time images of (a) eyelid skin, (b) cornea, and (c) conjunctiva. (b) The outer
corneal epithelium and inner Descemets membrane are visible in the corneal images. (c) The
layers of conjunctiva and Tenons are observed above the dense sclera.

The probe’s working distance also permitted real-time imaging of the iris and lens surface
as shown in Fig. 7(a) and Fig. 7(b) through an intact cornea. Opening the cornea permitted
imaging of the peripheral angle with angulation of the probe in the anterior chamber as shown
in a single unprocessed frame in Fig. 7(c).

Anterior Chamber
Angle

Iris._

200pm

Fig.7. The cross-section of the (a) iris is visible including its relationship to the (b) lens
surface. (c) The anterior chamber angle structures are visible with the miniature OCT probe.

Removal of the lens and vitreous was performed to ensure that the probe was held within
3 to 4 mm of the retina to test the probe’s capabilities within the range of its known calculated
lateral resolution. A real-time B-scan image of the porcine retina is shown in Fig. 8(a).
Several layers of the retina could be clearly identified as demonstrated in this individual
frame from the real-time video. The probe was able to image the cross-sectional appearance
of the porcine optic nerve as shown in Fig. 8(b). A retinal hole was successfully imaged in
Fig. 8(c). Balanced saline solution was injected under the retina to model a retinal detachment
which was successfully imaged in Fig. 8(d). Layers within cadaver porcine retina are
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similarly observed with the miniature OCT probe Fig. 9(a) and with the large commercial 18
mm diameter tissue-imaging probe Fig. 9(b).

B

D

Fig. 8. The miniature intraocular probe is able to (a) distinguish layers of the retina, (b) image
the optic nerve in a porcine eye, (c) image a retinal hole, and (d) visualize a retinal detachment.

Fig. 9. (a) Several layers within a porcine cadaver retina are delineated by the miniature OCT
probe. (b) Similarly, several layers are visible within a porcine cadaver retina when imaged
with a commercial 18 mm diameter probe.

4. Discussion and conclusion

A miniature hand-held 25-gauge probe was developed to obtain high-resolution SDOCT two-
dimensional imaging of intraocular structures. Its diameter is compatible with the smallest
commercially-available vitrectomy port system to permit real-time, non-averaged,
intraoperative depth-resolved images of intraocular structures. Simply pointing the probe at
the area of interest will produce a B-scan image of the structure. The quality of the retinal
images (Fig. 8 and Fig. 9) also is at least as good as the quality of images of porcine cadaver
retinas produced from a microscope-integrated OCT system developed by Hahn, et al. [27].
The value of OCT imaging in the ophthalmic operating room has been demonstrated with
an external system in evaluating the changes of the retinal structures immediately following
surgical manipulation [27-33]. This would ensure that the intended procedure has been
completed as desired. Additional steps could be undertaken if the procedure was found to be
incomplete, whereas a second surgery would have to be scheduled if an incomplete procedure
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was discovered postoperatively during the clinic examination. However, it would be most
desirable to use real-time intraoperative OCT to improve efficiency and completeness
interactively during a procedure, such as during membrane peeling, by aiding visualization of
the actual surgical maneuvers as they occur. External OCT has limitations in that metallic
surgical instruments cast dense optical shadows upon the underlying tissues of interest [27—
29,31]. In addition, a major limitation is the ability to efficiently locate and follow the
surgical instrument as the membrane peeling or other procedure occurs [27-29]. Finally,
optical aberrations of the media will reduce clarity of the externally acquired OCT image [5].
An intraocular OCT probe would solve these limitations posed by external OCT imaging. In
addition, an intraocular OCT probe could be positioned to image structures in the periphery of
the eye which are not accessible by external OCT imaging.

Unlike other miniature forward-imaging probes, this probe has an internal scanning
system so that the entire probe itself does not need to be scanned back-and-forth to obtain
two-dimensional images. This feature is immensely important. It permits the 25-gauge probe
to be handled by the retina surgeon in a manner similar to other intraocular instruments.
Bypassing the need for moving the entire probe 1.6 mm or closer to tissue to produce a B-
scan also avoids the risk of damage to the entrance port and/or the retina. The probe length
was designed to encompass the distance between the surgeon’s hand and the target. The
focusing distance of the GRIN lens can be modified to accommodate a different desired
working distance from the tissue.

The 25-gauge forward-imaging probe with its disposable tip is compatible with the
increasingly popular 25-gauge ports for vitrectomy. Other previously described self-contained
scanning OCT probes are too large to pass through the now standard 23-gauge and 25-gauge
vitrectomy ports used in retinal surgery. The fluid impervious tip permits imaging in fluids
such as the BSS used during a vitrectomy. Disposable tips permit the probe body to be re-
sterilized and used in other surgical cases similar to a phacoemulsification hand piece used to
remove cataracts. When combined with an OCT system, this probe permits the operator to
point at desired locations to produce real-time depth-imaging of that intraocular anatomical
structure. Retinal layers and blood vessels become visible. Future plans include interactive
visualization within a living eye, and visualization of an epiretinal membrane model during
removal of the membrane. Eliminating the need for potentially toxic visualization dyes as
well as ensuring that the entire membrane is removed would improve epiretinal membrane
procedures [6,7]. This probe has the potential to provide real-time evaluation of intraocular
tissues to guide surgical maneuvers in the future.
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